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Abstract

Corticosterone (CORT) can stimulate growth hormone (GH) secretion on embryonic day (e) 12 in the chicken. However, CORT
failed to induce GH secretion on e20 in a single report, suggesting that regulation of GH production changes during embryonic
development. Secretion in response to CORT during embryonic development is modulated by the thyroid hormones triiodothyronine
(T3) and thyroxine (T4). Growth hormone responses on e12 involve both glucocorticoid (GR) and mineralocorticoid receptors (MR);
however, involvement of MR has not been evaluated past e12. To further define changes in somatotroph responsiveness to CORT,
pituitary cells obtained on e12–e20 were cultured with CORT alone and in combination with T3 and GH-releasing hormone (GHRH).
Growth hormone mRNA levels and protein secretion were quantified by quantitative real-time polymerase chain reaction (qRT-
PCR) and radioimmunoassay (RIA), respectively. Corticosterone significantly increased GH mRNA and protein secretion on e12;
however, mRNA concentration and protein secretion were unaffected on e20. Contributions of GR and MR in CORT responses
were evaluated using GR and MR antagonists. Treatment with a GR-specific antagonist effectively blocked the CORT-induced

increase in GH secretion on e12. The same treatment on e20 had no effect on GH secretion. These findings demonstrate that GR
is directly involved in glucocorticoid stimulation of GH secretion at the time of somatotroph differentiation but is not regulatory at
the end of embryonic development. We conclude that positive somatotroph responses to CORT are lost during chicken embryonic
development and that GR is the primary regulator of CORT-induced GH secretion.
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© 2008 Elsevier Inc. All rights reserved.

Keywords: Growth hormone; Thyroid hormone; Glucocorticoids; Glu

1. Introduction

Growth hormone (GH) is produced in the anterior

pituitary by cells known as somatotrophs and regu-
lates long bone growth, protein synthesis and muscle
accretion, lipolysis, and immune function [1–3]. Defects
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affecting the actions of GH result in dwarfism and the
misutilization of nutrients [3]. In the juvenile chicken,
pulsatile GH affects long bone growth, feed efficiency,
circulating T4, and body composition due to a reduc-
tion in abdominal fat pad weight and an increase in body
mass [4]. However, the mechanism of action initiating
GH secretion is still unknown.
Current research in our laboratory centers on the onset
of GH secretion, differentiation of somatotrophs, and
the extrapituitary signals that regulate this phenomenon
using the chicken as a model. The chicken is a unique
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odel for studies of pituitary development because there
s little maternal endocrine interaction as in mammals,
nd the egg allows for easy manipulation of the embryo
or a multitude of experiments. Furthermore, it is more
easible to obtain the large number of embryonic pitu-
tary cells necessary for cell culture experiments than
rom common mammalian models.

The adrenal glucocorticoid CORT is an extrapitu-
tary signal that induces final somatotroph differentiation
n embryonic chickens, which typically occurs on
mbryonic day (e) 14 [5,6]. Plasma CORT and adreno-
orticotropic hormone (ACTH) dramatically increase
etween e11 and e17 [7], mimicking the pattern of
omatotroph abundance and preceding the increase in
lasma GH levels. Administration of CORT on e11
n ovo induces somatotroph differentiation and signif-
cantly increases GH-secreting cells on e14 and e18, as
etermined by reverse hemolytic plaque assay (RHPA)
8]. The combination of CORT injection and GHRH
reatment significantly increased GH secretion by cul-
ured e12 pituitary cells but not by cultured e17 pituitary
ells [9]. Dispersed pituitary cells from e16 and e18 but
ot e20 embryos acutely treated with CORT show an
ncrease in GH-secreting cells [10]. However, the meth-
ds used in these studies were different, and thus the
pparent loss of responsiveness to CORT is difficult to
nterpret. Therefore, the differences reported between
tudies of somatotroph responsiveness to CORT on e12
nd a lack of somatotroph responsiveness to CORT on
20 may be an artifact of the different methodologies
nd approaches used among studies. Directly quantify-
ng GH mRNA levels and protein secretion by pituitary
ells at specific intervals during the last half of embryonic
evelopment with 1 assay type under 1 experimental con-
ition is needed to confirm differences in somatotroph
esponses to CORT and the thyroid hormones during
evelopment.

Somatotroph differentiation and GH secretion are
lso regulated by the thyroid hormones T4 and T3, where
4 must be converted to T3 before it is efficacious. The
ormone T3 modulates the CORT response in a bipha-
ic manner [11]. At low doses (0.01 nM), T3 is slightly
timulatory alone and augments the CORT effect on GH
ecretion by e11 pituitary cells. At higher doses (1 and
0 nM), T3 antagonizes the CORT response. Therefore,
H secretion induced by CORT is confounded when T3

s present.
Recent evidence shows that CORT-induced soma-
otroph differentiation involves both the type I
mineralocorticoid, MR) corticosteroid receptor and the
ype II (glucocorticoid, GR) corticosteroid receptor [12].
urther, CORT is able to bind to both GR and MR, albeit
docrinology 36 (2009) 186–196 187

with different affinities [13–15]. Investigating CORT
induction of somatotrophs using specific GR agonists
and antagonists may elucidate the reason for the appar-
ent change in responsiveness to CORT during chick
embryonic development. Results from qRT-PCR sug-
gest that GR is expressed early in pituitary development
and increases, whereas MR expression decreases from
e12 to e17 [16]. The observed change in receptor gene
expression during embryonic development may regulate
somatotroph responses to glucocorticoids. However, GR
and MR gene expression has not been fully characterized
during pituitary development.

The objectives of this study were to determine, using a
unified approach, whether GH responsiveness to CORT
is lost during chick embryonic development and to assess
the involvement of GR and MR in this response. In this
study, a sandwich enzyme-linked immunosorbent assay
(ELISA) and an RIA for chicken GH, and qRT-PCR were
used to quantify GH protein secretion and GH mRNA
in response to CORT, T3, and GR, and MR specific
antagonists during the last half of chick embryonic devel-
opment, and pituitary GR and MR mRNA levels were
quantified from e10 to post-hatch day (d) 7.

2. Materials and methods

2.1. Animal use and cell culture

Cell culture reagents were purchased from Gibco
Invitrogen (Grand Island, NY). Hormones and other
chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO) unless otherwise noted. All procedures
were approved by the Institutional Animal Care and
Use Committee. Animals used in this study were
Avian × Avian strain or Ross × Ross strain chicken
embryos purchased from Allen’s Hatchery (Seaford,
DE). Eggs were incubated in a humidified incubator
(G.Q.F. Manufacturing, Savannah, GA) at 37.5 ◦C and
60% humidity. Eggs were set in the incubator such that
embryos of different embryonic ages were available for
dissection on the same day. Pituitaries were removed
from embryonic chickens on specific days of develop-
ment using a dissecting microscope and then pooled
and dispersed with trypsin as previously described [17].
Cells (2 × 105) cells suspended in Dulbecco’s modified
Eagle’s medium (DMEM, serum free) were allowed to
attach for 1 h in 24-well culture plates and then 0.5 mL of
serum-free culture medium (SFM; a 1:1 mixture of phe-

nol red-free Medium 199 and Ham’s F12, supplemented
with 0.1% BSA, 5 �g/mL bovine insulin, 5 �g/mL
human transferrin, and penicillin/streptomycin) was
added. The plates were incubated for 24 or 72 h in the
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presence of treatments: CORT and T3 alone and in
combination (1 × 10−9 M). Growth hormone-releasing
hormone (1 × 10−8 M) was added to the culture well for
the final 6 h of incubation to stimulate the release of GH
from the cells. After that time, medium was collected
from each well, centrifuged for 10 min at 300 × g to
remove any loose cells, and then the supernatants were
frozen at −20 ◦C for later ELISA or RIA analysis.

2.2. Sandwich ELISA for chicken GH

The sandwich ELISA for chicken GH was conducted
using a monoclonal antibody (mAb), mAb 6F5 [18],
and a polyclonal chicken GH antiserum [17]. Briefly,
96-well Nunc-brand Immunosorp plates were precoated
with the monoclonal antibody (1 �g/mL in 50 mM
Na2CO3, pH 9.6) overnight at 4 ◦C. All incubations
were conducted in a 37 ◦C incubator with several PBS
(phosphate buffered saline; 100 mM phosphate, 78 mM
NaCl, 72 mM KCl, pH 7.4) washes between incuba-
tion periods. Samples and standards diluted in 0.1 M
PBS/0.1% bovine serum albumin (BSA) were added and
incubated for 2 h in a 37 ◦C incubator. The plates were
blocked (1 M PBS/0.1% BSA/1% normal goat serum
[NGS]) for 30 min and then incubated with a polyclonal
rabbit anti-chicken GH antiserum (1:1000) for 90 min.
Goat anti-rabbit IgG biotinylated antibody (1:200) was
added for 30 min. The plates were incubated with a
commercially available goat anti-rabbit avidin–biotin
horseradish peroxidase (1:500) for 30 min. After that
time, tetra-methyl-benzidine (TMB) was added as the
assay substrate for 3 min, and the reaction in all wells
was stopped with the addition of 1 M H2SO4. The plates
were read immediately using a Wallac (PerkinElmer)
plate reader with the absorbance set at 450 nm. The
secondary antibody, avidin–biotin horseradish perox-
idase, and TMB were obtained from commercial kits
(Vector Laboratories, Burlingame, CA). The average
GH concentration for each treatment was determined
from triplicate ELISA wells performed on triplicate cell
culture wells. The specificity of both the monoclonal and
polyclonal antibodies was validated previously [17,18].
Further validation of the assay included estimates of
sensitivity and repeatability, and demonstration of
parallelism. Addition of BSA to samples and standards
produced parallel standard curves, regardless of the
medium in which the samples were suspended. The
interassay coefficient of variation (CV) estimated for

this assay was 34.2%, whereas the intra-assay CV
was 31.5%. With an assay variability of greater than
30%, only 2-fold changes or higher in GH concentration
could safely be considered significantly different.
docrinology 36 (2009) 186–196

2.3. RIA for chicken GH

An RIA adapted from one previously reported [19]
was conducted to determine GH secretion into the cell
culture medium. Recombinant chicken GH (cGH) was
iodinated with Na125I using a solution of chloramine
T. The percentage incorporation was calculated before
continuing purification. The labeled GH was purified
on a Sephadex G-25 column (PD-10, Pharmacia) and
collected for � counting. A volume of 200 �L of GH
standard or unknown test sample was diluted 1:2.5 in
assay buffer. An additional 200 �L of diluted antiserum
was added. Nonspecific binding and total binding
tubes were prepared as well. A volume of 100 �L of
1× radioiodinated cGH (30,000 cpm) was added to
all tubes. The tubes were incubated at 4 ◦C for 48 h.
Next, 200 �L of anti-rabbit IgG diluted in PBS plus
ethylenediaminetetraacetic acid (EDTA) was added to
all tubes and then incubated for an additional 48 h at
4 ◦C. On the final day, PBS was added to all tubes except
the total count tubes, and the tubes were centrifuged for
30 min at 1900 × g at 4 ◦C. The supernatant was poured
off, and the precipitate was counted in a � counter.

2.4. Quantification of mRNA

Four replicate experiments were conducted as before,
where cultured pituitary cells (1 × 106 cells per well)
were treated with CORT for a total of 24 h. At that time
point, the cells were harvested, snap frozen, and RNA
was extracted using the Qiagen RNeasy Mini Kit (Invit-
rogen, Carlsbad, CA). In addition, whole pituitary glands
from e10 to d7 chicks were dissected, pooled, and snap
frozen, and RNA was extracted. Total RNA was quanti-
fied using both the optical density absorption ratio OD260
nm/OD280 nm (>1.9) and the RiboGreen Quantitation
Kit (Invitrogen). The total RNA was reverse transcribed
by Superscript III into cDNA and diluted 1:1.5. A
volume of 2 �L of the diluted cDNA sample was used
for analysis. Three-step qRT-PCR was used to quantify
mRNA levels using a Bio-Rad iCycler and Sybergreen.
The final concentration of the reaction mixture was 0.1%
Triton X-100, 10 mM Tris–HCl, 50 mM KCl, 1.9 mM
MgCl2, 2 U Taq, 10 mM each dNTP, 1 �M each primer,
20 nM fluorescein, and SYBERgreen II. The cycling
parameters were 40 cycles of 95 ◦C for 15 s, 60 ◦C for
30 s, and 72 ◦C for 30 s. All primers used to quantify
mRNA are listed in Table 1. Relative mRNA levels for

each sample were calculated using the relative Ct method
(level = 2(Ct of the no. RT − control − Ct of the sample)), as pre-
viously described [20]. Growth hormone expression in
cultured cells was normalized to the housekeeping gene
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Table 1
The primers used for qRT-PCR are listed.

Gene Forward primer Reverse primer

GH CACCTCAGACAGAGTGTTTGAGAAA CAGGTGGATGTCGAACTTATCGT
GR TCGTGAAAAGAGAAGGGAACTCA AAAAACGTCTGGAAGCAAAAGC
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R TTGCTCCAGACCTGATTTTTG
APDH AGCCATTCCTCCACCTTTGAT
GK1 CTACATGCTGTGCGAAGTGG

lyceraldehyde 3-phosphate dehydrogenase (GAPDH).
ineralocorticoid receptor and GR expression in intact

ituitaries was normalized to phosphoglycerate kinase
PGK1).

.5. Statistical analysis

Each experiment was replicated 4–6 times. Statis-
ically significant differences among treatments were
etermined using a mixed-model analysis of variance
ANOVA) and an a priori test of least-significant dif-
erences (LSD) in the SAS statistical program (SAS
nc., Cary, NC). Values were considered significant at
≤ 0.05. In figures, different letters denote significance

t P ≤ 0.05. Differences among treatment groups of the
IA data were determined using preplanned contrasts.
ata from the ELISA were transformed into a log scale

o correct for variance and normality prior to statistical
nalysis and then back-transformed into the geomet-
ic mean for graphical presentation. Values reported for
LISA data are the geometric mean and 1 standard error
bove and below the mean. A regression line was fitted
o the basal level of GH secretion across the 5 ages. A
econd regression line was fitted to the CORT-induced
evel of GH secretion across the 5 ages, and the point
t which the 2 lines were no longer different was des-
gnated as the “nonresponsive point.” Values from the
RT-PCR are presented as mean fold change over basal
evels for GH or relative to expression on e14 for the

R and GR data, when levels of both were greatest. The
og2 transformation of fold change over basal treatment
r age-normalized Ct values for each sample was used
or statistical analysis in SAS using the same program
s previously stated.

. Results

.1. Experiment I: basal pituitary GH secretion

uring the last half of chicken embryonic
evelopment

Culture medium from primary cell cultures of pitu-
tary cells obtained from e12, e14, e16, e18, and e20
TGGCACAGTTCAAACATTGCA
AGTCCACAACACGGTTGCTGTAT
GCCAGGAAGAACCTTACCCTCTAG

embryos was collected, centrifuged, diluted in PBS
(e14 samples were diluted 1:3, e16 samples were
diluted 1:10, e18 samples were diluted 1:25, and e20
samples were diluted 1:50) and frozen. Results of
ELISA analysis for GH protein revealed a significant
6-fold increase in secretion between the ages of e14
(0.334 ± 0.067 �g/mL) and e16 (2.220 ± 0.342 �g/mL)
and a 2-fold increase between e18 (2.93 ± 0.48 �g/mL)
and e20 (7.00 ± 1.15 �g/mL) (Fig. 1A). The interassay
CV for all ELISAs was determined to be 34.2%, and the
intra-assay CV was 31.5%.

3.2. Experiment II: GH secretion and mRNA
expression in response to GHRH, CORT, and T3,
during the last half of chick embryonic development

The objective of the second experiment was to char-
acterize the response of somatotrophs to CORT, GHRH,
and T3 across developmental ages during the last half
of development using 1 culture system and 1 assay sys-
tem, a sandwich ELISA. The dispersed cultured pituitary
cells from e12, e14, e16, e18, and e20 embryos were
treated with CORT (0.5 nM) and T3 (0.5 nM) alone and
in combination for 24 h. Six hours before the termination
of the experiment, designated wells were treated with
GHRH (10 nM) to stimulate the release of GH into the
cell culture medium. The duration of treatment and con-
centration of GHRH were chosen because maximum GH
secretion was observed between 4 and 8 h after treatment
with GHRH [17]. Growth hormone-releasing hormone
alone did not elicit an increase in GH secretion on any
age (Fig. 1).

Treatment with CORT alone had no effect on basal
GH secretion by cultured cells from all ages studied
(Fig. 1). However, treatment with CORT followed by
GHRH significantly increased GH secretion by e14, e16,
and e18 cultured cells, when compared to GHRH alone.
An increase was observed with the same treatment on

e12-cultured cells; however, this was not a significant
effect. Corticosterone alone and in combination with
GHRH had no effect on GH secretion by e20-cultured
cells. The transitional age from CORT-responsive to
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Fig. 1. (A) Basal growth hormone (GH) protein concentration in the cell culture medium as determined by a sandwich enzyme-linked immunosorbent
assay (ELISA). Embryonic chicken pituitary cells were cultured for 72 h, and the medium was collected for ELISA analysis. Values presented are
the geometric mean and 1 standard error above of 6 replicate experiments. Significant differences were determined using the test of least-significant
differences (LSD) of the mean. Different letters above ages represent a significant difference at P ≤ 0.05. (B–F) Growth hormone protein concentration
in cell culture medium in response to treatment with corticosterone (CORT), growth hormone-releasing hormone (GHRH), and T3 as determined
by a sandwich ELISA. Embryonic chicken pituitary cells were cultured for 72 h in the presence of CORT or T3 alone or in combination. GHRH was

H, and
riments
in one a
added to appropriate wells for the final 6 h of culture to release stored G
are the geometric mean and 1 standard error above of 6 replicate expe
mean. Different letters denote significant differences at P ≤ 0.05 with

CORT-nonresponsive was found to be e16.4 when fitting

a regression line to the entire data set.

The response to T3 changed during development.
Growth hormone secretion increased on e18 when T3
was administered at 0.5 nM, but this effect was not
then the medium was collected for ELISA analysis. Values presented
. Significant differences were determined using the test of LSD of the
ge group.

observed with any other age (Fig. 1). No effect of T
3
was found in the absence or presence of CORT on e12.
T3 significantly attenuated the CORT response on e14
and e16, but not at any other age. These results indicate
that responsiveness to T3 was lost by e20.
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Fig. 2. Relative GH mRNA expression levels normalized to glycer-
aldehyde 3-phosphate dehydrogenase and represented as mean fold
change over e20 basal, as determined by quantitative real-time poly-
merase chain reaction. Pituitaries dissected from e12 and e20 embryos
were dispersed and cultured for 24 h in the presence of corticosterone
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Fig. 3. Relative MR and GR mRNA expression normalized to PGK-1
and shown relative to e14 in the pituitary during chicken embryonic
and neonatal development. Pituitaries were dissected from e10 to d7
chickens, and RNA was extracted for mRNA quantitation. Signifi-
CORT) (n = 4). Significant differences were determined using the test
f least-significant differences of the mean (LSD). *Denotes a signifi-
ant difference between basal and CORT on e12 at P ≤ 0.05. **Denotes
significant difference between basal e12 and basal e20 at P ≤ 0.05.

To determine if the same effect of CORT is seen at the
ranscription level, GH gene expression was measured
y 3-step qRT-PCR and normalized to GAPDH. Corti-
osterone treatment significantly increased GH mRNA
n e12 (P < 0.01), but had no significant effect on e20
Fig. 2).

.3. Experiment III: determination of GR
nvolvement in the response of cultured pituitary
ells to CORT

The specific aim of experiment III was to determine
hich receptor (GR or MR) is used by CORT to induce
H secretion. To examine receptor gene expression dur-

ng embryonic development and post-hatch week 1,
ituitaries were dissected from e10 to d7 and RNA
as extracted. Glucocorticoid receptor and MR mRNA

xpression in the pituitary gland were quantified by qRT-
CR and normalized to PGK1 (Fig. 3). The pattern
f expression of both receptors was similar. Recep-
or mRNA concentrations peaked on e14, significantly
ecreased on e16, and maintained a low level of expres-
ion through d7.

Since expression levels were similar for both recep-
ors, the next experiment used chemical antagonists of
oth MR and GR to ascertain involvement of each recep-
or in CORT induction of GH during chick embryonic
evelopment. The objective of this experiment was to

etermine if both MR and GR are required for CORT
esponsiveness on e12 and to determine if receptor
nvolvement is a factor in the loss of responsiveness
o CORT of pituitary cells late in embryonic devel-
cant differences were determined using the test of least significant
differences of the mean (LSD). Values are the mean ± S.E.M. and
normalized to e14 levels.

opment (eg, e20 cells). Since GR and MR both bind
CORT and its closely related chemical homologues at
different affinities, the chemical antagonists were used
at or slightly above their respective effective concen-
tration, as demonstrated in relevant literature [13–15]
and a dose response curve from preliminary experi-
ments (data not shown). By using these agents at the
concentration of their Kd, it can be assumed that the
agonists and antagonists are only activating the recep-
tor toward which they have the most specificity. For
this experiment, we used spironolactone (SPIRO) for
the MR-specific antagonist and ZK98299 (ZK98) for
the GR-specific antagonist. Almost all synthetic and nat-
ural glucocorticoids and mineralocorticoids are able to
activate both GR and MR when administered at appro-
priate doses [21,22]. For this reason, we used agents that
had at least a 10-fold lower affinity for the opposing
receptor. The agent RU486, also known as mifepristone,
was not used as a GR-specific antagonist because it has
been demonstrated that it is a weak GR agonist and is
able to bind to MR [23]. Radioimmunoassay was used
instead of ELISA because it is a more sensitive and
repeatable assay. The lowest detectable concentration of
GH was 0.1 ng/mL as opposed to about 30 ng/mL in the
ELISA. The intra-assay and interassay CV were 4.36%
and 33.2%, respectively.

Dispersed chick embryonic pituitary cells (e12 and
e20) were cultured for 24 h total and pretreated with the
antagonists (SPIRO at 5 nM and ZK98 at 10 nM) for
3 h before the addition of CORT (1 nM), such that the
cells were exposed to CORT for 21 h. Growth hormone-
releasing hormone was added during the final 6 h of total
culture time (n = 4). Cultured cells from e12 embryos

were responsive to CORT treatment, as seen in the signif-
icant 3-fold increase in GH secretion (4.2 ± 1.1 ng/mL)
over basal levels (1.2 ± 0.20 ng/mL) (Fig. 4). The 2
antagonists ZK98 and SPIRO, alone and in combination,
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Fig. 4. Growth hormone protein concentration in the cell culture
medium in response to the receptor-specific antagonists spironolac-
tone (SPIRO; MR) and ZK98299 (ZK98; GR), as determined by
radioimmunoassay. Pituitaries dissected from e12 and e20 embryos
were dispersed and cultured for 24 h in the presence of CORT, SPIRO,
and ZK98, as indicated. Values are the mean ± S.E.M. of 4 replicate

experiments. Significant differences were determined using the test of
least-significant differences of the mean (LSD). Different letters above
the value represent a significant difference at P ≤ 0.05.

did not affect GH secretion. Pretreatment with SPIRO
followed by treatment with CORT significantly reduced
GH secretion into the culture medium, but not as low
as basal levels. Pretreatment with ZK98 followed by
CORT treatment significantly decreased GH secretion
to basal levels. Simultaneous treatment with both recep-
tor antagonists followed by treatment with CORT also
significantly decreased GH secretion and was no more
effective than pretreatment with ZK98 alone. Repeat-
ing this experiment with cultured pituitary cells obtained
from e20 chick embryos produced no significant effects
(Fig. 4), confirming that GH secretion by e20 pituitary
cells was not responsive to CORT.
4. Discussion

Corticosterone significantly increased GH secretion
by cultured pituitary cells obtained from e12 through
docrinology 36 (2009) 186–196

e18 chick embryos, but the effect was lost by e20. This
effect was seen only in the presence of GHRH and was
modulated by T3. Corticosterone significantly increased
GH mRNA on e12, although this response was not seen
on e20. Concentrations of GR and MR mRNA peaked
at e14 and slowly decreased during embryonic develop-
ment. The CORT-induced increase in GH secretion on
e12 was blocked by inclusion of ZK98, a GR-specific
antagonist, and partially blocked by SPIRO, an MR-
specific antagonist. On e20, CORT had no effect on GH
secretion, and inclusion of antagonists with CORT had
no effect. These data led us to conclude that embryonic
somatotrophs are responsive to glucocorticoids, predom-
inantly via GR, until immediately prior to hatching, and
this stimulatory effect of CORT is modulated by GHRH
and T3.

The present results demonstrate that CORT induces
GH secretion in cultured pituitary cells obtained from
e12 to e18 and that this effect is lost by e20. Previ-
ous work has demonstrated that CORT can increase
the number of GH-producing cells among cultured e12
pituitary cells using immunocytochemistry (ICC) and
reverse hemolytic plaque assay (RHPA) [6,9,24], but
later ages were not examined in the same study. However,
it was previously reported that injection of dexametha-
sone (DEX), a synthetic glucocorticoid, to e18 chickens
had no effect on plasma GH levels 4 and 24 h later [25].
Extensive work has been conducted in rat somatotroph
cell lines (GC and GH3 cells) demonstrating that gluco-
corticoids significantly increase GH mRNA as well as the
rate of transcription [26]. Similar experiments demon-
strated that DEX is capable of inducing GH secretion in
cultured pituitary cells from embryonic rats, although
it has not been shown that later embryonic ages are
unresponsive to glucocorticoids [27]. Similarly, treat-
ment of pituitary cells of the rainbow trout with DEX
showed an increase in GH [28]. In the present study,
CORT responsiveness of cultured pituitary cells coin-
cides with the natural increase in circulating levels of
glucocorticoids released from the adrenal gland [7]. In
embryonic chickens, serum CORT is steady from e10 to
e14 and then increases from e14 to e16. Serum CORT
again remains constant from e16 to e18, with a final
surge from e18 to e20, coinciding with preparation for
hatching [7]. In this study and a previous report [10],
GH secretion was nonresponsive to CORT on e20, after
this endogenous increase in circulating CORT. The con-
centration of CORT that was chosen for this study is

comparable to physiological levels and not pharmaco-
logical levels, thus, in theory, we are not introducing
an artificial effect of glucocorticoids. Although the pitu-
itary cells obtained from embryos later in development
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ere unresponsive to CORT in a previous report [10],
t was possible that the unresponsiveness was due to
n assay artifact. Immunocytochemistry, RHPA, ELISA,
nd RIA are inherently different in what they measure.
mmunocytochemistry estimates GH-containing cells,
hereas RHPA demonstrates GH-secreting cells. Nei-

her of these assays quantifies the amount of GH protein
ecreted, which can be done with an ELISA or RIA.

oreover, the previous findings were determined under
arying experimental conditions. The present study is
he first time that the loss of responsiveness to CORT by
ituitary cells during late chick embryonic development
as been demonstrated using the same experimental and
ssay conditions also used to show stimulatory effects
n e12. Growth hormone secretion by the pituitary is at
maximum just prior to hatching [29], which may be
hy CORT is unable to elicit a response over already

ncreased GH secretion. It is possible that the rate of GH
ecretion is increasing during the final third of embryonic
evelopment (e14–e20) in response to the endogenous
ncrease in serum CORT, and therefore, is unrespon-
ive to glucocorticoids. Alternatively, the change in
esponsiveness may reflect differences in receptor levels,
ccupancy, or involvement.

Growth hormone-releasing hormone is 1 of the 2
ypothalamic peptides that tightly regulate GH secretion
rom the pituitary. In the present study, GHRH was used
o stimulate the release of stored GH. Growth hormone
esponses to CORT were seen only following release
f stored GH by inclusion of GHRH. At e12, there are
ow levels of GH protein and, most likely, the rate of
ynthesis is low as well, therefore, addition of GHRH
ill not increase the rate of GH release. At e20, as there

re high levels of GH being synthesized and secreted
lready, GHRH treatment may not produce a significant
ifference in the amount of GH released.

Our results demonstrate that the somatotroph
esponse to CORT is modulated by T3 only on specific
mbryonic ages in development. A functional thyroid
nd thyroid-stimulating hormone (TSH) is necessary for
ormal somatotroph growth and GH secretion. Defects
ffecting the thyroid or the thyrotrophs of the pituitary
arkedly affect GH secretion. In �-GSU−/− mice, the

umber of somatotrophs is severely decreased in the
ituitary [30]. Likewise, in Pax8−/− mice, an athyroid
utant mouse, the number of somatotrophs is greatly

educed, as measured in 21-day-old mice [31]. In this
eport, we demonstrated that e12 pituitary cells are unre-

ponsive to the combination of CORT and T3 after 3
ays in culture; however, on e14 and e16, T3 suppresses
he CORT-induced increase in GH secretion. On e18,
3 alone increases GH secretion over basal levels, and
docrinology 36 (2009) 186–196 193

this effect is lost by e20. Regulation of GH by T3 is
complex and most likely due to a multitude of conver-
gent pathways. In the rat pituitary cell line GH3, T3
dramatically increases GH transcription independently
from glucocorticoid treatment [26], suggesting that the
mechanisms of action by which CORT and T3 induce
GH are separate. Pituitary GH was markedly increased
in fetal rats from T3-treated dams compared to fetuses of
control dams [32]. In our study, there was no combined
effect of CORT and T3 on e18 or e20 relative to basal and
CORT-treated chicks. A study performed in the rainbow
trout demonstrated that combined treatment of DEX and
T3 significantly increased GH, and GHRH also modu-
lated this response [28]. The thyroid anlagen is detectable
as early as e2 in the chicken [33], and detectable levels
of circulating T3 can be detected by e5 [34]. Thyroid
hormone is also modulated by 3 deiodinases, D1, D2,
and D3, all of which have different specificities for the
3 different forms of thyroid hormone. In the embryonic
chicken, D2 is predominant in the brain [34]. Brain deio-
dinase activity is biphasic, where it is first detectable at
e5, but virtually disappears between e14 and e17 in the
chicken, with the highest concentrations occurring on
e13 and e20, suggesting that T4 cannot be quickly con-
verted to T3 or T3 cannot be quickly inactivated [34].
Other studies have demonstrated that extended treatment
with CORT and T3 is highly stimulatory on e11 [11],
but acute treatment had no affect on GH secretion on
e20 [10]. This finding was also shown in e20 fetal and
neonatal day 2 rat pituitary cell cultures [35]. Although
the concentration (0.25 mM) was 1000-fold higher than
our treatment, T3 had no effect on e20 cells, but was
stimulatory after birth [35]. Again, in cultured human
fetal pituitary cells, T3 decreased basal GH secretion and
attenuated the GHRH-induced increase in GH secretion
[36]. Addition of DEX restored GHRH-responsiveness
of the cells [36]. One explanation for the differing results
may be that these studies used different culture condi-
tions and different assays to determine the effects of
glucocorticoids and T3 on GH secretion. However, it is
well known that glucocorticoids and thyroid hormones
interact to affect GH gene transcription in rats [37–40].
Thyroid hormones induce GH synthesis 5 to 20-fold,
and cortisol increases this response 2 to 6-fold higher
in the rat pituitary GH3 cell line [41]. Both alone and
in combination, T3 and DEX increased GH gene tran-
scription, and this effect was still observed while thyroid
hormone (TR) and GR mRNA levels were reduced [41].

This is evidence that receptor presence is not the only
factor regulating GH gene transcription. There could
also be a confounding interaction between CORT and
T3, since in e18 chicken embryos, glucocorticoids sig-
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nificantly increase T3 serum levels while concomitantly
decreasing T4 and rT3 [25]. Thyroid hormone is also part
of the nuclear/steroid receptor superfamily and binds
to promoters to affect gene transcription. Studies have
shown that TR can form preinitiation complexes (PIC)
by recruiting TFIIB or activate an already existing one
to start transcription [42,43]. Thus, it is possible that
formation or activation of PIC by TR and GR/MR is
one modulator of GH gene transcription. Whether the
responses involve direct interactions of nuclear receptors
or not, the present results demonstrate that the nature of
the GH response to CORT and T3 changes during devel-
opment, where T3 is stimulatory around the time of GH
differentiation and is inhibitory or ineffectual during the
last half of chick embryonic development.

Treatment with a GR-specific antagonist, ZK98,
alone abolished the CORT-mediated induction of GH
secretion by e12 pituitary cells, and treatment with
both antagonists in combination also blocked CORT-
stimulated GH secretion. This finding suggests that
CORT actions on GH are mediated primarily through
GR. Induction of GH by CORT via both MR and GR
was demonstrated previously by estimating the num-
ber of GH-containing cells using ICC when cells were
treated with these same receptor-specific antagonists
[12]. Corticosterone-induced GH cell differentiation in
cultured e12 pituitary cells was blocked only when
treated with both the MR-specific antagonist, SPIRO,
and the GR-specific antagonist, ZK98. Glucocorticoid
receptor was expressed in all pituitary cells at e12, and
MR was co-localized with GH greater than 90% of
the time in e12 somatotrophs, as shown by ICC and
dual-label immunofluorescence, respectively [12]. Glu-
cocorticoid receptor and GH were co-localized in 98%
of cells in the rat anterior pituitary as well [44]. Differ-
ences in the involvement of MR between our previous
report [12] and our current study may be due to the assays
used. Again, ICC measures the presence of GH in a cell,
whereas RIA measures the amount of GH secreted. It
is possible that secretion of GH levels detectable by
RIA may require a higher amount of CORT, whereas
production of GH and packaging into secretory gran-
ules detectable by ICC can be induced with lower levels
of CORT. It is believed that in the adult brain, MRs
are occupied with basal levels of CORT most of the
time and that GRs are mostly unoccupied [45]. Further,
when the circulating concentration of CORT increases,
GRs are activated after MR saturation in neuronal tis-

sue [46]. Thus, GH production in response to low levels
of CORT may be mediated primarily through MR, but
when CORT concentrations rise, GRs become activated
as well and GH secretion is activated. This finding is fur-
docrinology 36 (2009) 186–196

ther supported by the finding that GR and MR are known
to heterodimerize, and upon heterodimerization, DNA-
specific binding is greatly increased [47]. Because the 2
receptors are expressed in the majority of pituitary soma-
totrophs on e12, heterodimerization of receptors may
play an important role in the responsiveness of GH to
CORT at this age.

In conclusion, glucocorticoids increase GH secretion
between e12 and e18 of chick embryonic develop-
ment until just prior to hatching, when the cells are no
longer responsive to CORT. Growth hormone releasing
hormone and T3 modulate this effect. Glucocorticoid
receptor primarily mediates this response at the mid-
point of development. However, the downstream targets
of GR and the mechanism by which it induces GH gene
expression are still unclear.
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